High-quality Al0.37In0.63N layers have been grown by reactive radio-frequency (RF) sputtering on sapphire, glass and Si (111) at low substrate temperature (from room temperature to 300°C). 
Introduction
AlxIn1-xN is an interesting III-nitride ternary alloy because it presents a wide direct band gap which can be tuned from the near infrared (InN: 0.7 eV [1] ) to the deep ultraviolet (AlN: 6.2 eV [2] ). It has application in electronics, optoelectronics and sensors fields. AlxIn1-xN with a composition of x=0.83 grows lattice matched to GaN [3] increasing the applications of the material in high electron mobility transistors [4, 5] and Bragg reflectors [6, 7] . Other applications of AlxIn1-xN material is as active layer in multijunction solar cells [8] [9] [10] . In spite of the potential properties and applications of AlxIn1-xN, it is the least studied alloy among III-nitrides due to the difficulty of growing high-quality and single-phase layers because of the large differences between its binaries (InN and AlN) constituents: i.e. the differences in bonding energies [11] , lattice mismatch and growth temperature [12] are responsible of a large immiscibility gap [13, 14] , and thus for the phase separation and composition inhomogeneities commonly present in the alloy.
The growth of AlxIn1-xN layers has been reported by different growth techniques such as metal-organic chemical vapor deposition (MOCVD) [11, [15] [16] [17] [18] , molecular beam epitaxy (MBE) [19] [20] [21] [22] [23] and sputtering deposition [10, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The first two growth techniques allow the achievement of high crystal quality layers at high growth temperatures; but the use of the sputtering low cost technique, allows the deposition of polycrystalline layers at low temperatures, enabling the growth even on flexible substrates, thanks to the high kinetic energy of the ions involved in the growth process. The growth of AlxIn1-xN at low temperatures (< 300°C) by sputtering has been reported by several groups [28] [29] [30] [31] [32] 35, 40] on different substrates. Most of them use a mixture of Ar and N2 atmosphere which leads to higher deposition rates at the expense of layer crystal quality as previously discussed in [41, 42] . In particular, Afzal et al. studied the influence of the substrate temperature (from RT to 300°C) on the properties of AlxIn1-xN layers grown on Si (111) under a mixture of Ar and N2 plasma [28] . It should be remarked that for the AlxIn1-xN grown at RT they do not achieve crystalline AlxIn1-xN layers. He et al. studied the effect of the growth temperature (from RT to 500°C) on AlxIn1-xN grown on quartz by sputtering, showing the appearance of (103) orientation for growth temperatures below 300°C [35] . Literature reveals that AlInN growth is highly influenced by the substrate type and growth conditions. In this work, we demonstrate the successful growth of well oriented single phase crystalline AlxIn1-xN layers with x0.37 on sapphire, silicon (111) and glass substrates from RT to 300°C by RF-sputtering under a pure nitrogen atmosphere. The effect of the type of substrate and growth temperature on the structural, chemical, morphological and optical properties of the grown layers is deeply analyzed.
Experimental methods
The (0001)-oriented sapphire, glass and p-Si (111) substrates were chemically cleaned in organic solvents and blown dry with nitrogen before being loaded in the sputtering chamber. An AJA International, ATC ORION-3-HV reactive radiofrequency (RF) sputtering system is used for growing the AlxIn1˗xN samples. The targets, pure In (99.995%) and pure Al (99.999%), are pre-sputtered with Ar (99.9999%) prior to the growth. Then the substrates were loaded into the growth chamber, where they were outgassed for 30 min 100°C above the growth temperature. A surface pretreatment with Ar was then applied to increase the substrate surface cleaning. After this procedure, the base pressure achieved after cooling down the substrate to the growth temperature was ~10 -6 Pa. The with the substrate holder is used to monitor the substrate temperature (Ts) during deposition. It was ranged from room temperature (RT) to 300°C (see Table 1 ). Further details of the growth procedure of the layers are reported in previous works from our group [26, 27] . High-resolution X-ray diffraction (HRXRD) measurements (using a PANalytical X'Pert Pro MRD system) were used for estimating the crystalline orientation and composition of the deposited films. The surface morphology was assessed by atomic force microscopy (AFM) using a Veeco Dimension 3100 microscope in tapping mode. The data processing and image generation was done with WSxM software [43] . The cross-section and surface morphology of the layers were characterized with a Zeiss Ultra 55 field-emission scanning electron microscope (FESEM). The samples were electrically characterized by means of sheet resistance and Hall effect measurements with the Van der Pauw configuration at room temperature using a Keithley SCS 4200 model with four Source and Measure Units. Samples were 1×1 cm 2 pieces with four In contacts in the corners. The magnetic field used in Hall effect measurements was 0.88 T and the injected current was kept fixed at 10 µA. For each configuration the polarity of the current source and the direction of the magnetic field were changed, (for a total of 16 measurements), in order to minimize spurious thermos-galvanomagnetic effects. Finally, transmittance measurements of the AlxIn1-xN on sapphire and glass layers performed at normal incidence in the 350-1700 nm wavelength range using an optical spectrum analyzer were used to estimate their optical properties. Figure 1 shows a comparison of the HRXRD patterns of the AlxIn1-xN films deposited on different substrates at RT and 100°C. The HRXRD results of the AlxIn1-xN layers grown at 300°C on sapphire and silicon were presented in [27] and [26] , respectively. All the layers under study present crystalline wurtzite structure oriented with the c-axis perpendicular to the substrate surface. The diffraction peak related to the substrate (0006) and (111) for sapphire and Si, respectively is also present in the corresponding pattern. In the case of the AlxIn1-xN layer grown at 100°C on silicon, HRXRD measurements show a peak at ~60° which corresponds to the silicon (222) achieved crystalline layers with the parasitic reflection (103) when growing AlxIn1-xN on quartz for growth temperatures below 300°C [35] . The improvement obtained in this study is attributed to the use of pure nitrogen as reactive gas, which reduces the growth rate and enhances the adatom diffusion during the growth even at low temperature thanks to the energy provided to the involved species in the plasma during the growth process. The Al content of the samples was estimated from HRXRD measurements assuming fully relaxed layers, considering the lattice parameters of InN (cInN = 5.703 Å) and AlN (cAlN = 4.982 Å) [44] and using the Vegard's law [45] . By this technique, the estimated Al content for the AlxIn1-xN layers grown on sapphire and silicon at low temperature (RT and 100°C) is 37%. Previous studies show that the error with this assumption is below 4 % [27] . The layer composition of samples grown on sapphire and Si (111) at 300°C (see more details in [27] ) was estimated by wavelength dispersive X-ray spectroscopy (WDX) measurements, revealing an aluminum composition of 36 and 37%, respectively. The similarity between the layer composition values obtained for the layers grown at low temperature by HRXRD measurements and the ones obtained by WDX measurements for the layers grown at 300ºC points to almost fully relaxed layers when growing at low temperatures. On the other hand, the estimation of the Al composition for the layers grown on glass substrates is highly affected by the lack of diffraction peak related to the substrate to be used as reference, obtaining a value of 33% (see Table 1 ). Table 1 , the FWHM of the rocking curve drops by a factor of ×4.6 and ×2 in the case of sapphire and silicon, respectively, when increasing the growth temperature from RT to 300°C. This reduction is not present when increasing the growth temperature from RT to 100ºC, as the enhancement in adatom mobility is not enough to derive in a significant layer quality improvement. The AlxIn1-xN layers grown on glass at low substrate temperature present the lowest FWHM of the rocking curve for each temperature among all the substrates used. This can be due to the amorphous nature of the glass, so that the AlxIn1-xN layer does not have to compensate the lattice mismatch between layer and substrate. At the same time the amorphous nature of the substrate also hinders the pre-definition of preferential nucleation points for the growth of the subsequent layer, which usually determine the properties of the nitride layer, as it has been observed when growing InN on different buffer layers [47] (see Table 1 ). AFM and FESEM techniques were used to study the morphological properties of the layers. Higher substrate temperatures lead to an increase in the RMS surface roughness of the AlxIn1-xN layers independently on the substrate (see Table 1 ). This can be due to the increase in the kinetic energy, and thus the mobility, of the sputtered atoms that occurs when increasing the growth temperature which leads to more compact layers with higher grain size as shown in the AFM images presented in Figure 3 .
Results and discussion

Structural and morphological characterization
These results are in good agreement with the ones obtained by HRXRD. This effect has been also observed by Afzal et al. in Al0.17In0.83N layers grown on p-silicon (111) [28] . The effect of the substrate in the RMS surface roughness is studied for each growth temperature. At RT and 100°C all layers present f)
The FESEM images of the layers grown on sapphire and Si (111) at RT and at 100°C are shown in Figure 4 . AlInN layers grown on sapphire and Si (111) show a closely-packed columnar morphology for both temperatures (RT and 100°C). The improvement of this layer morphology was previously reported by our group: compact layers were achieved for AlxIn1-xN grown on sapphire at 450°C (see [27] ) and at 300°C for layers grown on p-Si (111) (see [26] ). From these images, the film thickness is estimated as shown in Table 1 .
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Sapphire Si (111) Figure 4 . FESEM images of Al0.37In0.63N layer, the growth conditions and substrate used in each case are indicated in the table.
Optical properties
The optical properties of the layers grown on sapphire and glass substrates were assessed by transmittance measurements. The inset of Figure 5 shows the optical transmittance of the AlxIn1-xN layer grown on sapphire at RT and 300°C. Taking into account the relationship α(E)∝−ln(Tr), it is possible to estimate the absorption of the samples; this relation neglects optical scattering and reflection losses. The square of the absorption coefficient has been calculated from a sigmoidal approximation ( = 0 1 + 0 − ∆ ⁄ ) of the absorption coefficient (shown in Figure 5 ). For the layers grown at RT a band gap energy of 2.34 and 2.37 eV has been calculated for sapphire and glass substrates, respectively. In the case of layers grown at 100°C the band gap energy has been estimated to be 2.44 and 2.46 eV for sapphire and glass substrates, respectively. Finally, for layers grown at 300°C on sapphire a band gap energy of 2.03 eV has been calculated (see Table 1 ), in accordance with previous results considering a bowing parameter of 5.2 eV [27] . ). The dramatic reduction of the layer mobility and the increase of its resistivity can be attributed to the highly columnar morphology of the samples deposited at RT, which increase the carrier scattering at the grain boundaries. At the same, this morphology type promotes the incorporation of oxygen impurities at grain boundaries, which has been related to an increase of the bandgap energy in InN films deposited by rf sputtering [48] .
For layers grown on sapphire, there is a decrease of the absorption broadening (ΔE, obtained from the sigmoidal approximation of the absorption coefficient) from 288 and 154 meV when increasing the Ts from RT and 300°C (see Table 1 ), which is attributed to a reduction in both alloy inhomogeneities and impurities incorporation at grain boundaries for layers grown at higher temperatures.
Conclusions
Al0.37In0.63N layers on sapphire, p-Si (111) and glass substrates were deposited by RF-sputtering at low (<300°C) growth temperature. The effect of the type of substrate and growth temperature on the properties of the layers was assessed. Polycrystalline Al0.37In0.63N layers oriented in the c-axis and with wurtzite structure have been achieved even at RT for all substrates. The FWHM of the rocking curve is reduced when increasing the growth temperature for all substrates due to the increase in the adatom mobility with the substrate temperature. The minimum FWHM of the rocking curve is obtained for layers grown on glass at RT and 100°C, which is attributed to the amorphous character of the substrate.
The Al content estimated by HRXRD measurements for the layers grown at low temperature is similar to the one obtained by WDX measurements for AlxIn1-xN layers grown at 300°C (37%) which points out to an almost fully relaxed state. The layers grown on sapphire and Si (111) at low temperatures show a closely-packed columnar like morphology with low RMS surface roughness (<3 nm). This morphology evolves to compact at growth temperatures of 300°C for Al0.37In0.63N layers grown on Si (111). Nevertheless, a higher RMS surface roughness is obtained for layers grown at high temperature, probably due to an increase of the grain size with the temperature. The layers deposited on sapphire 300°C present a band gap energy of around 2.0 eV. However, there is a blue shift of the band gap energy to 2.4 eV when decreasing the growth temperature from 300°C to RT, which can be mainly attributed to the effect on oxygen incorporation at grain boundaries. 
